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Abstract: In this work, the effect of the sintering temperature on the microstructure and mechanical
properties of Nb-V added powder metallurgy (PM) steels was investigated. The microstructure
and mechanical properties of the Nb-V added PM microalloyed steel were examined by optical
microscopy, scanning electron microscope (SEM), energy dispersive spectroscopy (EDS), optical
emission spectrometer (OES), tensile and hardness tests. Results indicated that the optimal sintering
temperature was 1350 ◦C and the addition of 0.1%, 0.15% or 0.2% of Nb-V increases the yield strength
(YS), ultimate tensile strength (UTS) and hardness of the PM sintered steels. 0.2 wt % Nb-V added
PM steel showed the highest values in yield strength (YS), ultimate tensile strength (UTS) and the
highest hardness. Elongation also tends to improve with adding Nb-V content. In addition, Nb-V
limited grain growth during austenitization.

Keywords: powder metallurgy; Nb-V microalloyed steels; microstructure; mechanical properties;
tensile test; hardness

1. Introduction

Microalloyed steels are defined as steels containing niobium, vanadium and titanium in amounts
between 0.05% and 0.20% by wt. Microalloyed steel is the material group of steels that have superior
properties such as high strength and toughness, low ductile-to-brittle transition temperature, excellent
weldability and corrosion resistance. These properties are obtained by applying various hardening
mechanisms and proper thermomechanical procedures. The main advantages of microalloying
elements are their ability to refine the grain size, prevent recrystallization and facilitate precipitation
hardening. The effect of microalloying elements on the grain boundary movement and recrystallization
is a result of carbonitride precipitates [1,2].

Precipitation hardening is the most desired strengthening mechanism. It is made especially in
forged products by forming vanadium carbide (VC) like precipitates. The type, size and distribution
of the compounds of microalloying elements with carbon and nitrogen are important for precipitation
hardening. Vanadium is the most important element due to its high solubility in austenite [3]. The major
function of vanadium, as a microalloying element, is precipitation hardening. Carbon rich VCN forms
at temperatures below 700 ◦C. Vanadium precipitates have a diameter of less than 0.03µm during or
after the transformation. VN can form in austenitic structures of high carbon steels (0.4%), especially
when the amount of nitrogen is high, and refine the grain size similar to NbC. Since vanadium
forms precipitates, it increases the strength of the steel [2–5]. Although vanadium is highly soluble
in austenite, it is less soluble in ferrite. Contrary to the other microalloys, vanadium is known to
increase the ferrite formation rather than prevent it [3]. VN precipitates prevent grain coarsening and
consequently ferrite grain structures are formed which increases the toughness and strength.
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Niobium is known to be the most effective microalloying element. It forms nitride and carbide.
NbC is formed at 1000 ◦C and causes ferrite grains to form by preventing the recrystallization of
austenite. NbC needs to be completely inside the solution to be effective. Thus it increases the
yield strength by the precipitation of fine particles. For NbC to enter into the solution, the reheating
temperature needs to be high (1300 ◦C) and long enough in duration [6]. NbC precipitates with a
mean size of 200 nm, preventing grain coarsening. On the other hand, 20 nm precipitates formed in
austenite can delay recrystallization. An NbC precipitate of 2 µm size prevents the grain coarsening
of austenite during normalization. The addition of niobium to steels under normalization conditions
improves strength and toughness. Niobium, which doesn’t precipitate in austenite, precipitates during
the transition to ferrite and improves strength.

Microalloyed steel or steels are produced by powder metallurgy, though production rates are
not very high yet [6–8]. Recent production methods in the automotive industry depend strongly on
powder metallurgy. This production method is unique due to its homogeneous distribution of the
quality, controllable content and cost efficiency. Proper determination of the sintering temperature
would facilitate the formation of carbo-nitrides that are required in steel. Microalloyed steels today are
mostly produced in the form of sheet and pipe.

Previous studies have demonstrated the efficacy of a PM method. For example, Erden et al. [1]
produced Ti microalloyed steel in their study by a PM method. Sintering was performed at 1150 ◦C
for 60 min. Increasingthe Ti content (0-0.1-0.15% and 0.2% by weight) contributed to yield and tensile
strength. They attribute these results to the formation of TiC(N) precipitates during the cooling period
after sintering. Their results showed that precipitates like TiC(N) prevent grain coarsening and lead to the
formation of small austenite grains. These grains, in turn, improve the strength of the material. In another
study, Schade et al. used the PM method to produce V-Si PM microalloyed steel. They suggested that
silicon and vanadium significantly increased the strength of PM steels with a pearlitic structure [9].

In this study, the effect of sintering temperatures and chemical composition on the microstructural
and mechanical properties of Nb-V added microallyed PM steel was examined. The study especially
focuses on the effects of microalloying elements as well as sintering temperatures on the microstructure
and mechanical properties.

2. Materials and Methods

In this study, one unalloyed and three microalloyed steel specimens were produced by powder
metallurgy methods (see PM composition in Table 1).

Table 1. Nominal chemical compositions of powder metal steels.

Compound C (wt%) Nb (wt%) V (wt%) Fe (wt%)

Fe+0.25%C (Alloy 1) 0.25 - - rest
Fe+0.25%C+ 0.1%(Nb+V) (Alloy 2) 0.25 0.05 0.05 rest
Fe+0.25%C+ 0.15%(Nb+V) (Alloy 3) 0.25 0.075 0.075 rest
Fe+0.25%C+ 0.2%(Nb+V) (Alloy 4) 0.25 0.1 0.1 rest

Iron, graphite, niobium and vanadium powders were used to produce the steel specimens.
The size of graphite, iron, niobium and vanadium powders were <20, ≤180, <45, and <44 µm,
respectively. These powders were supplied by Sigma-Aldrich (Istanbul, Turkey). The purities of
graphite, Fe, Nb and V are 96.5%, 99.9%, 99.8% and 99.5%, respectively. The SEM micrographs of the
powders are presented in Figure 1.

In order to produce the microalloyed steel specimens with the compositions given in Table 1,
the powders were mixed using the TURBULA T2F device (Willy A. Bachofen AG, Muttenz,
Switzerland). Zn-stearate was also used as the lubricant. After the powders were weighed to the
chemical composition ratios given in Table 1 by a 0.0001 g precision digital scale, they were mixed in a
three axis Turbula mixer without ball for 1 hour. The mixed powders were then pressed in a die in the
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form of the standard tensile test specimen according to ASTM E8/E8M [10] under 700 MPa for 10 s
uniaxial pressure in a 100 ton capacity hydraulic press.

Metals 2017, 7, 329 3 of 16 

 

the form of the standard tensile test specimen according to ASTM E8/E8M [10] under 700 MPa for 10 

s uniaxial pressure in a 100 ton capacity hydraulic press. 

 

Figure 1. Scanning electron microscope (SEM) micrographs of powders; (a) graphite (<20 μm, 2000× 

magnification), (b) Fe (≤180 μm, 250× magnification), (c) Nb (<45 μm, 2000× magnification) and (d) V 

(<44 µm, 2000× magnification). 

The pressed specimens were sintered in a 90% nitrogen-10% hydrogen atmosphere at four 

different temperatures: 1150 °C, 1250 °C, 1350 °C and 1400 °C. The temperature was increased at a 5 

°C/min heating rate. The specimens were held at 350 °C for 30 min to allow the zinc-stearate to 

evaporate. Then the specimens were heated up to sintering temperatures and isothermally annealed 

for 1 h. They were then cooled to ambient temperature at a cooling rate of 5 °C/min again. Five 

specimens were produced for each composition, resulting in a total of 80 specimens. Graphite 

(0.45%) was added to reach a carbon content of 0.25% in the sintered test pieces. Figure 2 shows the 

produced specimens. 

 

Figure 2. General view of Alloy 2 test specimen sintered at 1350 °C for 1 h. (a) before tensile test and 

(b) after tensile test. 

A SHIMADZU hardness machine (MCT-W, Shimadzu, Tokyo, Japan) was used to measure the 
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Figure 1. Scanning electron microscope (SEM) micrographs of powders; (a) graphite (<20 µm, 2000×
magnification), (b) Fe (≤180 µm, 250× magnification), (c) Nb (<45 µm, 2000× magnification) and (d) V
(<44 µm, 2000× magnification).

The pressed specimens were sintered in a 90% nitrogen-10% hydrogen atmosphere at four different
temperatures: 1150 ◦C, 1250 ◦C, 1350 ◦C and 1400 ◦C. The temperature was increased at a 5 ◦C/min
heating rate. The specimens were held at 350 ◦C for 30 min to allow the zinc-stearate to evaporate.
Then the specimens were heated up to sintering temperatures and isothermally annealed for 1 h. They
were then cooled to ambient temperature at a cooling rate of 5 ◦C/min again. Five specimens were
produced for each composition, resulting in a total of 80 specimens. Graphite (0.45%) was added to
reach a carbon content of 0.25% in the sintered test pieces. Figure 2 shows the produced specimens.
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Figure 2. General view of Alloy 2 test specimen sintered at 1350 ◦C for 1 h. (a) before tensile test and
(b) after tensile test.

A SHIMADZU hardness machine (MCT-W, Shimadzu, Tokyo, Japan) was used to measure the
microhardness of all the specimens under HV0.5 (500 g) load. The hardness values of specimens
were determined by the mean value of ten measurements taken for each sample. The specimens
were subjected to tensile tests at 1 mm/min crosshead speed using a SHIMADZU tensile testing
machine (Shimadzu, Tokyo, Japan) (with 50 kN capacity). Stress-strain (%) diagrams were obtained
after each test. Yield strength (0.2%), tensile strength and percent strain values of the specimens were
calculated from these diagrams. For each series of five specimens, the arithmetic mean and standard
deviation of each property for the specimens with the five yield strengths, ultimate tensile strength
elongations % and hardness strengths were calculated to the proper number of significant figures. This
wasdone on the basis that the expected errors (nicks or flaws in the specimen, breaks within the grips,



Metals 2017, 7, 329 4 of 16

specimen slippage, etc.) would all tend to produce lower results. The standard deviation [11] is given
by Equation (1):

s =

√
∑n

i=1(xi − x)2

n − 1
(1)

where x is the arithmetic mean of the data set, xi is the value of a single observation (i = 1 through n),
n is the number of observations and s is the estimated standard deviation.

The average composition of alloys, on the other hand, was determined using the Optical Emission
Spectrometer (OES, Bruker Alpha, Bursa, Turkey) following the ASTM A751-11 standard. Densities of
the specimens were determined by the Radwag density kit (Bruker Alpha, Bursa, Turkey) using the
Archimedes principle based on ASTM B 328-96 [12]. An optical emission spectrometer (OES, Bruker
Alpha, Bursa, Turkey) was also used to determine the chemical compositions of the produced samples
before sintering and after sintering. Microstructural studies were then carried out using optical and
field emission scanning electron microscopy (FESEM) by a Zeiss Ultra Plus machine (Carl Zeiss SMT
GmbH, Oberkochen, Germany) equipped with a secondary electron (SE2) and energy dispersive X-ray
spectroscopy (EDS) analysis system. To investigate the microstructure of steels, a Nikon ECLIPSE L150
type microscope (Melville, NY, USA) with magnification of 50× to 1000× was used. Grain sizes of
non-alloyed and microalloyed PM steel specimens were calculated using the mean linear intercept method
on optical micrographs. A line (45◦ incline) was drawn on the micrographs and at least 500 grains, cut by
the intersecting line, were counted for each specimen [13,14]. Finally, percentages of ferrite and pearlite
ratios were determined by using the point counting method. The standard deviation of the mean linear
intercept method was calculated by the formula developed by Blank and Gladman [14]. In this equation,
the standard deviation of a single intercept value is accepted as a constant of (σi/i) = 0.7. The relative error,
φ, of the mean linear intercept based on the measurement of n grains (SEi/i) is given by Equation(2):

Ø =
SEi

i
=

σi
i

n1/2 =
0.7

n1/2 (2)

where σi is the standard deviation of the assessment of intercept lengths. The volume fractions of
ferrite and pearlite phases of the specimens were calculated by the metallographic point counting
method defined by Gladman and Woodhead, see Equation (3) [13]. According to this method, when
the grid points intersect the ferrite boundary, they are counted as half. Errors in point counting were
also calculated by the Gladman and Woodhead method, see Equation (4).

f =
n
N

(3)

σ =

√
f (1 − f )

N
(4)

where f is the measured volume fraction of ferrite or pearlite, n = the number of points corresponding
to the ferrite and pearlite phases of the specimens, N is the total number of points counted and σ is the
standard deviation. All volume fractions were expressed ± σ (standard deviation).

3. Results and Discussion

In the present work, an optical emission spectrometer (OES) was used to compare the differences
in chemical compositions of the produced samples before sintering and after sintering.

The chemical compositions of the produced PM steels after sintering can be seen in Table 2.
The results of the optical emission spectrometer (OES) analysis showed that the pre-production plan of
the chemical composition agreed with the chemical composition after the production. Figure 3 shows
the micrographs of Fe-0.25C (Alloy 1). The microstructure of the Alloy 1 specimen consists of ferrite
and pearlite grains of various sizes. These micrographs show that the grain sizes increased with the
increasing sintering temperature. For example, the grain size of Fe-0.25C (Alloy 1) sintered at 1150 ◦C
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is 29.3 µm while it became 35.6 µm after sintering at 1400 ◦C. Since the diffusion of atoms increases at
high temperatures, fine grains consequently grow by combining with each other. Therefore, it was
expected that the grains would become larger when the temperature was increased [14]. See Figure 4
for the optical micrographs of the Fe-0.25C-0.05Nb-0.05V (Alloy 2), Fe-0.25C-0.075Nb-0.075V (Alloy 3)
and Fe-0.25C-0.1Nb-0.1V (Alloy 4) specimens.

Table 2. Chemical composition of Alloys 1–3 and Alloy 4 obtained by the OES method.

Alloys Fe C Mn Nb V

Alloy 1 99.232 0.249 0.211 0.000 0.000
Alloy 2 98.569 0.234 0.171 0.049 0.046
Alloy 3 98.821 0.210 0.198 0.063 0.065
Alloy 4 98.355 0.241 0.180 0.098 0.091
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Figure 3. Micrographs of non-alloyed PM steel specimens of Fe+0.25C sintered at various temperatures
(1000×). (a) 1150 ◦C, (b) 1250 ◦C, (c) 1350 ◦C and (d) 1400 ◦C.

Table 3 gives the relative density, phase volume fractions and mean linear intercept grain sizes of
the specimens. As can be seen, the microstructure of Nb-V microalloyed PM steels sintered at different
temperatures consist of different ferrite and perlite phases with different grain sizes. Table 3 shows
the sintered densities which are in the range of 92% to 94%. These density values are relatively low
which may be caused by uniaxial pressing. Density values can be increased by using axial pressing,
hot isostatic pressing or metal injection moulding instead of uniaxial cold pressing. The density of the
specimens increased after sintering as expected. Sintering is used to combine particles to each other in
a certain temperature and time. Similar studies agree with this result [5–7,15].

Table 3. Relative density, mean linear intercept grain sizes and volume fractions of ferrite and pearlite
phases in non-alloyed and microalloyed PM specimens.

Alloy Relative Density (%) Grain Size (µm) Ferrite (%) Pearlite (%)

Alloy 1 (1150 ◦C) 92.3 29.3 ± 0.13 78.4 ± 0.18 21.6 ± 0.18
Alloy 2 (1150 ◦C) 92.1 28.7 ± 0.13 75 ± 0.19 22.9 ± 0.19
Alloy 3 (1150 ◦C) 92 27.5 ± 0.14 76.3 ± 0.19 23.7 ± 0.19
Alloy 4 (1150 ◦C) 91.8 25.1 ± 0.12 74.4 ± 0.20 25.6 ± 0.20
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Table 3. Cont.

Alloy Relative Density (%) Grain Size (µm) Ferrite (%) Pearlite (%)

Alloy 1 (1250 ◦C) 92.7 32.7 ± 0.13 77.8 ± 0.19 22.2 ± 0.19
Alloy 2 (1250 ◦C) 92.4 29.3 ± 0.13 77.6 ± 0.19 23.4 ± 0.19
Alloy 3 (1250 ◦C) 92.2 28.4 ± 0.14 75.8 ± 0.19 24.2 ± 0.19
Alloy 4 (1250 ◦C) 92 25.7 ± 0.12 73.5 ± 0.20 26.5 ± 0.20
Alloy 1 (1350 ◦C) 93.4 34.1 ± 0.13 77.5 ± 0.19 22.5 ± 0.19
Alloy 2 (1350 ◦C) 93.2 29.9 ± 0.13 76.1 ± 0.19 24.9 ± 0.19
Alloy 3 (1350 ◦C) 92.9 28.5 ± 0.14 74.1 ± 0.20 25.9 ± 0.20
Alloy 4 (1350 ◦C) 92.5 26.3 ± 0.12 73.2 ± 0.20 26.8 ± 0.20
Alloy 1 (1400 ◦C) 94.4 37 ± 0.13 77.3 ± 0.019 22.7 ± 0.19
Alloy 2 (1400 ◦C) 94.1 30.1 ± 0.13 75.4 ± 0.19 24.6 ± 0.19
Alloy 3 (1400 ◦C) 93.5 29.3 ± 0.13 73.1 ± 0.20 26.9 ± 0.20
Alloy 4 (1400 ◦C) 93 27.5 ± 0.13 71.9 ± 0.20 28.1 ± 0.20
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Figure 4 and Table 3 indicate that grain sizes decreased with increasing the Nb-V content. A major
benefit of microalloying is the decrease of grain growth rate during austenitization. If fine precipitates
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exist in austenite, the growth of grains is restricted, leading to a finer grain size [4,7,8]. The kinetics of
formation of these precipitates such as carbides and nitrides are different from each other. This situation
affects the mechanical properties of the steel differently. The solubility of NbC precipitates is similar to
TiC precipitates, contributing to the formation of ferrite grains by preventing the growth of austenite
grains [4]. Precipitates that don’t dissolve at sintering temperature prevent austenite grain growth and
cause small ferrite grains to form. It is known that NbC precipitates prevent recrystallization in the
austenite region (900 ◦C–1300 ◦C) and form small ferrite grains [9,16].

Niobium has low solubility which allows for substantial dissolution of niobium carbonitrides
at elevated temperatures. However, at low temperatures in the austenite range, the carbonitride
shows low solubility and the dispersion strengthening is not generally observed. The undissolved
carbonitride at these temperatures acts mostly as an effective grain refiner. The marked change in
carbonitride dissolution between high and low temperatures (1300 ◦C and 900 ◦C) in the austenite
temperature range allows for substantial strain and accelerated precipitation at temperatures below
1000 ◦C, and produces what is arguably the most obvious distinctive effect of niobium, i.e., the marked
retardation of recrystallization at these temperatures [16].

VC, VN and VCN precipitates prevent grain growth in the austenite region and during the
austenite-ferrite transformation leading to the formation of small ferrite grains [17]. There are studies
in literature arguing that small amounts of vanadium addition to steel increases the nucleation of
ferrite grains in grain boundaries and allows for the formation of small ferrite grains [18].

In this study, 0.1%, 0.15% and 0.2% (by weight) additions of Nb-V into PM steels caused the
grains to refine. This situation is a result of the formation of small precipitates like NbC(N) and VC(N)
during the sintering process at temperatures: 1150 ◦C, 1250◦C, 1350 ◦C and 1400 ◦C, or during the
cooling process. Precipitates that don’t dissolve at sintering temperature prevent the austenite grain
growth causing small ferrite grains to form. Especially in the austenite region (900 ◦C–1300 ◦C) NbC
precipitates formed prevent recrystallization and form small ferrite grains. Niobium and vanadium
microalloying elements precipitate as carbide, nitride and carbonitride and contribute to the mechanical
properties of microalloyed steels by grain refinement, solid solution precipitation and precipitation
hardening mechanisms [17–20].

Figure 5 shows yield strength (YS), ultimate tensile strength (UTS), elongation and hardness of
the examined PM steels. Figure 6 also shows a typical example of the stress-strain curves obtained
by the tensile test and a general increase of the YS and UTS of steel with the addition of Nb-V.
Generally, elongation tends to improve with adding Nb-V content. These changes are considered to
be the consequences of differences in precipitation distribution. High strength and good toughness
in microalloyed steels are achieved by a combination of microalloying and controlled rolling [21].
During sintering and slow cooling from sintering temperature, NbC(N) or VC(N) precipitates form in
austenite and in ferrite during the austenite-ferrite transformation, or after transformation as suggested
by Erden et al. [3]. This leads to an increase in strength compared to the niobium and vanadium-free
alloy. The hardness of PM steels can increase with VC(N) and NbC(N) precipitates. Table 3 gives the
hardness values of unalloyed and microalloyed steel specimens sintered at 1350 ◦C. The hardness
increased in up to 0.2% of the alloying element. Due et al. [22] have observed an increase in the
wear resistance and hardness of low carbon steel by TiC-VC precipitates. Some other studies [1–3,23]
indicated that carbides and nitrides formed in microalloyed steels improve the hardness and strength.
These studies argued that it was the solid solution hardening that contributed to strength less than
carbide and nitride precipitation.
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Figure 5. Mechanical properties of the PM steel and microalloyed PM steels at different percentages 
of Nb-V content and different temperatures: (a) yield strength (MPa), (b) ultimate tensile strength 
(MPa), (c) hardness (HV0.5) and elongation % ((d) 1150 °C, (e) 1250 °C, (f) 1350 °C and (g) 1450 °C). 

Figure 5. Mechanical properties of the PM steel and microalloyed PM steels at different percentages of
Nb-V content and different temperatures: (a) yield strength (MPa), (b) ultimate tensile strength (MPa),
(c) hardness (HV0.5) and elongation % ((d) 1150 ◦C, (e) 1250 ◦C, (f) 1350 ◦C and (g) 1450 ◦C).
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Figure 6 shows the stress-strain diagrams of the specimens. The figures demonstrate that the yield
point elongation decreased as the amount of Nb-V increased. Moreover, the yield point elongation of
non-alloyed steels was longer than that of Nb-V microalloyed steels. This is a result of the Cottrell
atmosphere around the carbon atoms of the dislocations. Davies [24] showed that free carbon atoms in
solid solution diffuse into the dislocations of ferrite resulting in less movement and an elongated yield
point. When the weight percentage of Nb-V increased to 0.1%, 0.15% or 0.2%, yield point elongation
decreased to 1.5%, 0.6% and 0.4%, respectively. This situation showed that VC and NbC precipitates were
formed in the Nb-V microalloyed PM steel and that the amount of free carbon atoms in solid solution
resulted in a decrease in yield point elongation. In their study, Lou and Northwood [25] explain the reason
why the yield point elongation decreased: decreasing carbon and nitrogen atom diffusivity, decreasing
solubility of interstitial atoms and decreasing density of interstitial atoms in the Cottrell atmosphere. Yield
point elongation is related to the density of atoms that prevent the dislocations. Precipitation of carbon and
nitrides decreases the atom density around the dislocations leading to a decrease in yield point elongation.
The addition of elements to the steel, forming stable carbide and nitride, can eliminate the continuous yield
behavior by taking carbon and nitrogen atoms from the solid solution [26]. However, free interstitial atoms
may still exist in the solid solution although the alloying elements are added to the steel. In the present
experimental work, the concentration of solute atoms decreases with the increase in the weight percentage
of Nb-V due to the precipitation of NbC(N) and VC(N). As a result of this, the yield point elongation of
microalloyed PM steel decreased with the increase in the weight percentage of Nb-V.

In this study, the solubility product of VC precipitates at 1150 ◦C was calculated by using
Equation (4) given by Narita [27].

log[V%]γ[C]γ = −9500
T

+ 6.72 (4)

The solubility of VC precipitates was calculated as 1.1. This was surprising, as it is higher than
the solubility values of carbides and nitrides reported in the literature for the same temperature. This
result shows that VC can dissolve completely at a sintering temperature of 1150 ◦C and that free
vanadium and carbon atoms exist in the solid solution. Vanadium dissolved during the sintering
process precipitates as VC, VCN, VN and VCN during austenite-ferrite transformation or in the ferrite
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phase, improving the mechanical properties of microalloyed steel compared to non-alloyed steels [26].
It is known that the formation of carbonitride precipitates in niobium and vanadium microalloyed
steels plays an important role in controlling the microstructure and mechanical properties. Ferrite
grain size is affected from the fine precipitates formed during and after austenite-ferrite transformation,
and these precipitates contribute to the formation of fine ferrite grains [28].

Dissolved vanadium and carbon atoms, on the other hand, precipitate in the ferrite during the
austenite-ferrite transformation after sintering, resulting in an increase in hardness. The most important
reason for using vanadium is that it causes precipitation hardening in steel. Vanadium dissolves well in
austenite, though it dissolves significantly less in the ferrite phase [3]. Therefore, vanadium is used widely
to promote precipitation hardening, not only in vanadium steels but also in niobium steels [4].

According to stochiometry, niobium (atomic weight 92.9) and vanadium (atomic weight 50.9)
should combine with carbon (atomic weight 12) at one-fourth of their weight. Alloying element
amounts in microalloyed PM steels containing 0.1%, 0.15% and 0.2% Nb-V by wt. are not enough to
combine with all carbon atoms in the alloy. This implies that some amount of free carbon exists in the
solid solution along with formations of precipitates (e.g., NbC, VC and NbVC(N)) during the sintering
process. In some studies [20,29], it was shown that the existence of several microalloying elements
in alloy can result in differing combinations of carbides and nitrides. These precipitates then play a
more effective role in improving strength. Since the amount of free carbon and nitrogen decreases in
solid solutions by precipitation, the effect of solid solution hardening on strength decreases [30,31].
Therefore, it can be said that increasing the strength of microalloyed PM steel can be explained by the
presence of NbC, VC and NbVC(N) precipitates formed in the steel.

Figure 5 show that, in general, increasing the Nb-V ratio increases the yield strength, tensile strength
and hardness value. This variation in strength values is caused by the formation of precipitates such as
NbC(N) and VC(N), and their distribution in the matrix at different sizes [6,8]. Carbides and nitrides formed
by alloying elements have different solubility values, as well as differing formation kinetics. As such,
this situation affects the mechanical properties of the steel differently. For example, some precipitates
(e.g., NbC, AlN and TiN) prevent austenite grain growth and recrystallization, while others (e.g., VC,
VC(N)) cause precipitation hardening in the ferrite phase [32]. Microalloyed steels today require the use of
several microalloying elements together in order to obtain different mechanical properties. For example,
Nb is added to steel to prevent recrystallization and provide dispersion hardening. Vanadium, on the other
hand, decreases the pearlite lamellar spacing by decreasing the austenite-ferrite conversion temperature.
This produces tiny VC precipitates in the ferrite phase of pearlite [3]. These precipitates form during the
sintering process conducted at 1350 ◦C, as well as in the cooling stage after sintering.

In this study, the solubility of NbC precipitates at 1350 ◦C was also calculated using Equations(4)
and (5) given by Narita [27].

log[Nb%]γ[C%]γ = −7900
T

+ 3.42 (5)

Using these calculations, the solubility of NbC precipitates at 1350 ◦C is found at 3.6 × 10−2

respectively. This indicated that some free niobium and carbon atoms should exist in the solution
during the sintering process at 1350 ◦C. Free niobium and carbon atoms in the structure precipitate as
NbC, depending on the cooling rate. This improves the strength of steel with VC(N).

The relationship between yield strength and grain size of metals was first defined by Hall [33]
and Petch [34], both theoretically and experimentally. The equation that gives the relationship
is called the Hall-Petch equation. However, precipitation hardening and cluster hardening also
affect the mechanical properties (i.e., yield strength of steel). Therefore, Equation (6) developed by
Pickering and Gladman [35] was used to calculate the σp value, including precipitation hardening and
cluster hardening.

σy = 54 + 17.4d−1/2 + σp (6)
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In this equation, σy is yield stress, 54 MPa is friction stress required for dislocation movement
in grain boundary, 17.4 MPa is the Hall-Petch Factor, d is the grain size and σp is the contribution of
precipitation and cluster hardening as MPa. The Hall-Petch Factor is a coefficient representing the
block effect of grain boundaries on the dislocation movement at the initial stage of plastic deformation.

The σp value of non-alloyed and microalloyed PM specimens is found by subtracting the
actual yield strength from the calculated yield strength. The σp values of these specimens ranged
from 1.81 MPa to 186.77 MPa, according to the type and amount of alloying element and sintering
temperature (see Figure 7 and Table 4). The highest σp value was observed in Alloy 4, which was
sintered at 1350 ◦C. This value was found because Alloy 4 had more precipitation and cluster hardening
compared to other microalloyed steels. Under normal conditions, NbC may precipitate at elevated
temperatures [36]. Moreover, niobium provides a significant increase in strength by producing hard
and stable carbides, nitride and carbo-nitride precipitates. The maximum strength and hardness in the
Fe-C system is found at niobium levels of 0.15%–0.2%. The results indicated that the effect of niobium
in dispersion strengthening is higher than that of vanadium. Niobium also increases the strength more
than vanadium by increasing the pearlite ratio and forming small grains [6,7].

Table 4. Structure properties analyses of PM steel and microalloyed PM steels tensile tested at
room temperature.

Alloy σo (MPa) Grain Size (µm) kyd-1/2 (MPa) σTotal (MPa) σyTest (MPa) σp (MPa)

Alloy 1 (1150 ◦C) 54 29.3 94.19 148.19 150 1.81
Alloy 2 (1150 ◦C) 54 28.7 93.22 147.22 163 15.78
Alloy 3 (1150 ◦C) 54 27.5 91.25 145.25 171 25.75
Alloy 4 (1150 ◦C) 54 25.1 87.17 141.17 185 43.83
Alloy 1 (1250 ◦C) 54 32.7 99.50 153.50 156 2.5
Alloy 2 (1250 ◦C) 54 29.3 94.19 148.19 190 41.81
Alloy 3 (1250 ◦C) 54 28.4 92.73 146.73 237 90.27
Alloy 4 (1250 ◦C) 54 25.7 88.21 142.21 265 122.79
Alloy 1 (1350 ◦C) 54 34.1 101.61 155.61 162 6.39
Alloy 2 (1350 ◦C) 54 29.9 95.15 149.15 270 120.85
Alloy 3 (1350 ◦C) 54 28.5 92.89 146.89 287 140.11
Alloy 4 (1350 ◦C) 54 26.3 89.23 143.23 330 186.77
Alloy 1 (1400 ◦C) 54 37 105.84 159.84 170 10.16
Alloy 2 (1400 ◦C) 54 30.1 95.46 149.46 235 85.54
Alloy 3 (1400 ◦C) 54 29.3 94.19 148.19 255 106.81
Alloy 4 (1400 ◦C) 54 27.5 91.25 145.25 261 115.75
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As an important aspect in powder metallurgy, density also affects the mechanical properties of
steel. This is because the residual voids formed after sintering decrease the strength, heat transfer
and cooling rate of the material. These voids are critical for the initiation and propagation of cracks.
Formability and toughness is largely dependent on density, such that they are high when density
is high [37,38]. In this study, density increased with the sintering temperature. The specimens
with the highest density were those sintered at 1400 ◦C. The density values of the non-alloyed and
microalloyed PM steels, however, are generally similar (between 92% and 94%), depending on the
sintering temperatures. Past studies to characterize precipitation in microalloyed steels have been
mainly carried out using the transmission electron microscopy (TEM) of extraction replicas and thin
foils [14–16,38]. However, in the present work SEM and EDS analyses have been used to describe
the precipitates occurring under different conditions, because the porosities of the samples in this
study were so high (≥6%) that the preparation of the samples for transmission electron microscope
examinations was not possible [5,39,40]. Gündüz et al. showed the XRD precipitate peaks of the filter
residue of Nb-Al microalloyed PM steel by using chemical or electrochemical procedures. They also
indicated that the porosity of the samples in their study was so high (≥7%) that transmission electron
microscope samples of the steel could not be prepared [8].

The EDS analysis results showed that vanadium and niobium elements existed in the solution
as precipitates (Figures 8 and 9). SEM micrographs of various Nb-V compounds in Figure 7 reveal
precipitates with different sizes. Zajac et al. [41] investigated the precipitation behavior of low carbon
microalloyed steel containing titanium and vanadium. They showed that both TiN and VN precipitate
in the austenite, forming Ti,V(N) precipitates when titanium is added to the steel. By chemical analysis,
they were able to determine that the inner part of precipitates is rich in titanium, while the outer part
is rich in vanadium. This means that vanadium precipitates into TiN, ultimately forming Ti,V(N).
The EDS point analysis taken from the precipitate contained both vanadium and niobium, and the
amount of carbon is clearly higher when compared with the EDS point analysis taken from the matrix
(see Figure 8). It is thought that this precipitate was formed as Nb,V(C). Comparing the EDS point
analysis results in this study to that of previous literature, it is evident that precipitates like VC and
NbC exist in microalloyed PM steels.

Metals 2017, 7, 329 12 of 16 

 

Figure 7.Variation of σp (the contribution of precipitation and cluster hardening as MPa) values of 

the PM steel and microalloyed PM steels at different percentage Nb-V content and different 

temperatures. 

As an important aspect in powder metallurgy, density also affects the mechanical properties of 

steel. This is because the residual voids formed after sintering decrease the strength, heat transfer 

and cooling rate of the material. These voids are critical for the initiation and propagation of cracks. 

Formability and toughness is largely dependent on density, such that they are high when density is 

high [37,38]. In this study, density increased with the sintering temperature. The specimens with the 

highest density were those sintered at 1400 °C. The density values of the non-alloyed and 

microalloyed PM steels, however, are generally similar (between 92% and 94%), depending on the 

sintering temperatures. Past studies to characterize precipitation in microalloyed steels have been 

mainly carried out using the transmission electron microscopy (TEM) of extraction replicas and thin 

foils [14–16,38]. However, in the present work SEM and EDS analyses have been used to describe the 

precipitates occurring under different conditions, because the porosities of the samples in this study 

were so high (≥6%) that the preparation of the samples for transmission electron microscope 

examinations was not possible [5,39,40]. Gündüz et al. showed the XRD precipitate peaks of the filter 

residue of Nb-Al microalloyed PM steel by using chemical or electrochemical procedures. They also 

indicated that the porosity of the samples in their study was so high (≥7%) that transmission electron 

microscope samples of the steel could not be prepared [8]. 

The EDS analysis results showed that vanadium and niobium elements existed in the solution 

as precipitates (Figures 8 and 9). SEM micrographs of various Nb-V compounds in Figure 7 reveal 

precipitates with different sizes. Zajac et al. [41] investigated the precipitation behavior of low 

carbon microalloyed steel containing titanium and vanadium. They showed that both TiN and VN 

precipitate in the austenite, forming Ti,V(N) precipitates when titanium is added to the steel. By 

chemical analysis, they were able to determine that the inner part of precipitates is rich in titanium, 

while the outer part is rich in vanadium. This means that vanadium precipitates into TiN, ultimately 

forming Ti,V(N). The EDS point analysis taken from the precipitate contained both vanadium and 

niobium, and the amount of carbon is clearly higher when compared with the EDS point analysis 

taken from the matrix (see Figure 8). It is thought that this precipitate was formed as Nb,V(C). 

Comparing the EDS point analysis results in this study to that of previous literature, it is evident that 

precipitates like VC and NbC exist in microalloyed PM steels. 

 

Figure 8. SEM micrographfor Alloy 4 and the corresponding EDS of the indicated points. Figure 8. SEM micrographfor Alloy 4 and the corresponding EDS of the indicated points.



Metals 2017, 7, 329 13 of 16

Metals 2017, 7, 329 13 of 16 

 

 

Figure 9. SEM micrograph for Alloy 3 sintered at 1350 °C and the EDS lines scan of the indicated particle. 

The EDS line analysis also revealed that the type and number of elements in Alloy 3 sintered at 

1350 °C varied along the line intersecting with the matrix and precipitates (see Figure 9). Though the 

matrix phase is rich in iron, the spherical precipitate is rich in niobium. There is a sharp increase in 

the amount of niobium at the intersection of the analysis line with precipitates. The precipitates 

observed in PM steel samples by using SEM and EDS analyses are known to have significant effects 

upon recrystallization and austenite grain growth [6]. 

Figure 10 shows the fracture surfaces of Alloys 1–4 sintered at 1350 °C after tensile testing. 

Changes were observed on the fracture surfaces of all alloys with respect to the size, shape and 

depth of the microvoids. SEM pictures (Figure 10) of different amounts of Nb-V containing 

specimens indicate that the fracture surfaces are partially ductile (honeycomb structure) and 

partially brittle (cleavage plane). Voids were evident throughout the fracture surface in its entirety. 

This situation indicates that fractures propagate by the coalescence of microvoids. Cleavage planes, 

however, were most prominent in the alloy containing 0.2% Nb-V (Alloy 4), somewhat prominent in 

the alloy containing 0.15% Nb-V (Alloy 3) and least prominent in the alloy containing 0.1% Nb-V 

(Alloy 2). These planes are an indication of brittle fracture. Large voids were seen in the alloy 

containing 0.15% Nb-V (Alloy 3) sintered at 1350 °C (Figure 10c). These voids indicate that 

precipitates like VC and NbC detach from the surface during tensile tests. Shanmugasundaram and 

Chandramouli [41] observed these kinds of voids in PM steel containing Cr, Ni and Mo. They 

attributed them to the separation of carbides from the surface during the tensile test. The Nb-C based 

particle inside the large microvoids of microalloyed PM steel are clearly shown in the SEM fracture 

surfaces and corresponding EDS results (see Figure 10e). Erden et al. [1] investigated the tensile 

behavior of sintered Ti microalloyed PM steel as well. They observed mixed (ductile-brittle) type 

fractures in the microalloyed steel due to the presence of carbides and the carbides pull-off during 

heavy deformation. 

Figure 9. SEM micrograph for Alloy 3 sintered at 1350 ◦C and the EDS lines scan of the
indicated particle.

The EDS line analysis also revealed that the type and number of elements in Alloy 3 sintered
at 1350 ◦C varied along the line intersecting with the matrix and precipitates (see Figure 9). Though
the matrix phase is rich in iron, the spherical precipitate is rich in niobium. There is a sharp increase
in the amount of niobium at the intersection of the analysis line with precipitates. The precipitates
observed in PM steel samples by using SEM and EDS analyses are known to have significant effects
upon recrystallization and austenite grain growth [6].

Figure 10 shows the fracture surfaces of Alloys 1–4 sintered at 1350 ◦C after tensile testing.
Changes were observed on the fracture surfaces of all alloys with respect to the size, shape and depth
of the microvoids. SEM pictures (Figure 10) of different amounts of Nb-V containing specimens indicate
that the fracture surfaces are partially ductile (honeycomb structure) and partially brittle (cleavage
plane). Voids were evident throughout the fracture surface in its entirety. This situation indicates
that fractures propagate by the coalescence of microvoids. Cleavage planes, however, were most
prominent in the alloy containing 0.2% Nb-V (Alloy 4), somewhat prominent in the alloy containing
0.15% Nb-V (Alloy 3) and least prominent in the alloy containing 0.1% Nb-V (Alloy 2). These planes
are an indication of brittle fracture. Large voids were seen in the alloy containing 0.15% Nb-V (Alloy 3)
sintered at 1350 ◦C (Figure 10c). These voids indicate that precipitates like VC and NbC detach from
the surface during tensile tests. Shanmugasundaram and Chandramouli [41] observed these kinds of
voids in PM steel containing Cr, Ni and Mo. They attributed them to the separation of carbides from
the surface during the tensile test. The Nb-C based particle inside the large microvoids of microalloyed
PM steel are clearly shown in the SEM fracture surfaces and corresponding EDS results (see Figure 10e).
Erden et al. [1] investigated the tensile behavior of sintered Ti microalloyed PM steel as well. They
observed mixed (ductile-brittle) type fractures in the microalloyed steel due to the presence of carbides
and the carbides pull-off during heavy deformation.
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Figure 10. Fracture surfaces of microalloyed PM steels sintered at 1350 ◦C: (a) Alloy 1, (b) Alloy 2,
(c) Alloy 3 and (d) Alloy 4. (e) EDS results from the indicated particle of Alloy 3.

4. Conclusions

1. Among the sintering temperatures, 1350 ◦C was found to be the most suitable temperature in
terms of yield and tensile strengths and hardness.

2. Increasing the amount of microalloying elements of Nb-V led to the highest yield and tensile
strengths and highest hardness. The addition of these elements resulted in precipitates.

3. EDS analysis results reveal the presence of NbC and VC in the microstructure of the microalloyed
PM steels which affected the mechanical properties of the PM steels.

4. The SEM images of the fracture surfaces of non-alloyed PM steel showed a ductile type fracture,
while the microalloyed PM steel showed both ductile and brittle fractures.
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